&-Amylase (1,4-a-D-ghcan glucanohydrolase, EC 3.2.1.1) of apparent molecular mass 45 kDa was secreted by Xanthomonas campestris pv. campestris grown in medium containing starch or maltose. We isolated its structural gene from a recombinant A library and located it on a 2.7 kb DNA fragment. Nucleotide sequencing of the fragment revealed a potential ORF encoding a protein of 475 amino acid residues, including a potential signal sequence of 35 amino acids. The signal processing site was confirmed by N-terminal amino acid sequence analysis of the exported a-amylase. The deduced amino acid sequence of the mature protein is very similar to that of the a-amylase of Aeromunas hydrophifa It also contains all four amino acid sequences highly conserved in the aamylases from a wide range of organisms. Expression of the amy gene in Escherichia cufi was poor from its own promoter, but was enhanced by the upstream promoter on the vector. The a-amylase synthesized in E. cofi was located in the periplasm.
Introduction
Extracellular proteins produced by Gram-negative bacteria have to traverse a cell envelope composed of two membranes. One of the unsolved problems is how these proteins are translocated across this complex barrier. Depending upon whether an N-terminal signal sequence is present in the unprocessed exported proteins, they can be divided into two categories (Hirst & Welch, 1988) . Either genetic or biochemical evidence has been reported in different cases to suggest that a majority of the extracellular proteins with an N-terminal signal sequence were exported via the periplasm (Andro et al., 1984; Hirst & Holmgren, 1987; Howard & Buckley, 1983) . On the other hand, in the case of the haemolysin of Escherichia coli, no periplasmic intermediate was detect-0 Present address : Department of Biology, University of Maryland, Baltimore, Maryland, USA.
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ed in excretion mutants (Gray et al., 1986) . Comparison of the N-terminal amino acid sequence of the extracellular haemolysin with that of the amino acid sequence predicted from the nucleotide sequence of the gene indicated that the protein was exported without any processing at its N-terminus (Felmlee et al., 1985) . Instead, the signal required for export resides at the C-terminus (Gray et al., 1986) . It was proposed that the haemolysin was exported through a haemolysin translocator at junctions between the inner and outer membranes (Holland et al., 1990) .
Among other proteins (Daniels et al., 1984) , an aamylase that hydrolyses starch endolytically at random (Tseng & Peng, 1985) is exported into the milieu by the G ram-negat ive bacterium Xanthomonas campestris pv. campestris (Dow et al., 1987; Tseng & Peng, 1985) . Protein export mutants of X . campestris pv. campestris have been isolated by Dow et al. (1987) and from our laboratory (Hu et al., 1992) . Accumulation of a-amylase in the periplasm was observed in these mutants (Dow et al., 1987 ; Hu et al., 1992) , suggesting that a-amylase may be exported via the periplasm. In this study, the gene encoding the a-amylase (amy) of X . campestris pv. campestris was cloned and sequenced. A probable Nterminal signal sequence of 35 amino acid residues was predicted from the deduced amino acid sequence. 
Methods
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 . (Miller, 1972) was used for culturing all the bacteria. Solid M9 medium (Miller, 1972) , supplemented with thiamin (10 pg ml-l), was used for growing E. coli JM101. Minimal medium FeS0,.7H,O, 0.001 g MnCI,, 0.1 g MgC12, pH 7.151 (Chu & Tseng, 1981) supplemented with 0.125 % tryptone, 0.125 % yeast extract and 0.2% soluble starch was used for induction of a-amylase production by E. coli or X . campestris pv. campestris. When soluble starch was included at 2 % (w/v) and kept at 4 "C till the medium turned opaque, starch hydrolysis could be detected directly as the clearing of the starch. Nozu supplement (Arber et al., 1983) , comprising 0.3% glucose, 7.5 pM-CaCI,, 4 pM-FeSO, and 2 m~-MgsO,, was included in Luria broth to raise the phage titre of the liquid lysate.
Media. Luria broth
Construction of EMBL3 library of'XC1701. Total DNA of XC1701 was partially digested with Sau3A1, treated with calf intestinal phosphatase and ligated with AEMBL3 DNA cleaved with BamHI and packaged in vitro with extracts prepared from the lysogens E. coli BHB2688 and E. coli BHB2690 (Silhavy el a/., 1984). Infection of E. coli NM539 (Frischauf et al., 1983) with the packaged DNA yielded TransJormation. The procedures of Cohen et al. (1972) for preparing 8. coli competent cells and transformation were followed with slight modifications. Cells were treated with 100mM-CaC12 at 4°C for 20 min. Ampicillin (50 pg ml-l) and tetracycline (15 pg ml-l) were used to select for plasmid transformants. Insertional inactivation of the lacZ gene on pUC13 was screened by including 50 pM-IPTG and 0.005 % X-Gal. Cellular fractionation. The periplasmic fraction of E. coli was prepared as described by Neu & Heppel (1965) . For XC1701, the supernatant from centrifugation at 16000 g for 10 min was collected as the extracellular fraction. The pelleted cells were washed with distilled water twice, treated with lysozyme (200 pg mI)-l in 20% (w/v) sucrose-30 mM-Tris/HCl, pH 8.0-1 mM-EDTA at 4 "C for 30 min and pelleted by centrifugation at 25000g for 10 min. The supernatant containing periplasmic materials was collected. The pelleted spheroplasts were
broken by resuspending in 10 mM-Tris/HCl, pH 8.0, and centrifuged at 25000g for 15 min to collect the supernatant as the cytoplasmic fraction.
Enzyme assay. The extracellular, periplasmic or cytoplasmic fraction was incubated with 1 % starch in 27.5 mM-sodium/potassium phosphate buffer, pH 7.15 at 37 "C, and the reducing sugar produced was determined according to the method of Nelson (1944) . One unit of aamylase activity was defined as 1 pg of glucose produced per min under these conditions. SDS-PAGE and in situ activity stain. Extracellular proteins prepared from 3040% ammonium sulphate precipitation were separated by SDS-PAGE on a 12% (w/v) acrylamide gel. After electrophoresis, the gel was washed in 5 mM-potassium phosphate buffer, pH 7.15, twice at room temperature for 1 h each, and twice at 37 "C for 80 min each (Tai et al., 1985) . Detection of a-amylase was performed by incubating the washed gel in 27.5 mM-sodium/potassium phosphate buffer, pH 7.15, containing 1 % starch at 37 "C for 2-4 h, rinsing with water, blot drying and fumigating with iodine vapour. a-Amylase activity appeared as a clear band against a blue background.
Nucleotide sequence determination and analysis. DNA sequences were determined using the dideoxy chain termination method of Sanger et al. (1977) . Sequences of both strands were determined, either from M13 subclones or from deleted plasmids. Deletion of pB16 was accomplished with exonuclease I11 (ExoIII) and Sl nuclease treatement (Henikoff, 1984) . Sequences were analysed with Release 6-01 of PC/GENE (IntelliGenetics). Tfasta (Pearson & Lipman, 1988 ) was used to search in the Genetics Computer Group (GCG) for homologous sequences.
N-Terminal amino acid sequence analysis of extracellular a-amy lase.
The extracellular a-amylase was prepared from an early stationary phase culture of the parental strain of X . campestris pv. campestris. Proteins collected from 3040% ammonium sulphate precipitation were fractionated by DEAE-cellulose chromatography. The a-amylase, whose activity appeared in the flow-through, was then concentrated followed by separation on an SDS-polyacrylamide gel. A 45 kDa protein stained with Coomassie Blue (Fig. 1 a, upper band) coincided with the a-amylase activity stain. After being electroblotted onto a polyvinylidene difluoride (PVDF) membrane, this 45 kDa protein was analysed for its N-terminal amino acid sequence using the Edman degradation method.
Results

M
Characterization of the a-amylase of X. campestris pv. campes t r is X . campestris pv. campestris XC1701 was grown in XOL medium supplemented with 0.2% starch to late exponential phase and the culture supernatant was fractionated using ammonium sulphate precipitation. The maximal starch-hydrolytic activity was obtained in the fraction precipitated with 30-40 % ammonium sulphate, followed by that precipitated with 40-60% ammonium sulphate. HPLC analysis showed that the reaction products were glucose and maltose (not shown). Glucose constituted approximately 10% of the total product, suggesting that the starch was hydrolysed by an a-amylase activity. Separation of the ammonium-sulphate-precipitated proteins on an SDS-polyacrylamide gel, followed by activity staining showed a major starch-hydrolysing activity with a molecular mass of 45 kDa ( Fig. 1) .
Isolation of the amy gene from an EMBL3 library
A AEMBL3 library of XC1701 DNA was constructed and was plated out on a lawn of E. coli NM539 on starch medium. When the plaques were exposed to I2 vapour, three out of approximately 300 plaques showed clear zones. These three recombinant phage, after plaque purification, were found to contain the same cloned DNA fragment. One of them was named Amyl and was studied further.
The restriction map of Amyl, which contains a cloned fragment of 15 kb, is shown in Fig. 2(a) . Different fragments (Fig. 2b) were subcloned into plasmid vectors and transformants assayed for enzymic activity, These experiments indicated that the amy gene was located on a 2.7 kb BamHI fragment adjacent to the left arm of the AEMBL3 vector (Fig. 2b) .
Expression of the cloned amy gene in E. coli
The Amy+ subclone of Amyl, pB 16 (Fig. 2 b) , contained a 2-7 kb BamHI fragment in pUC13. When the cloned fragment was reversed in its orientation with respect to the lac promoter on the vector, the starch-hydrolytic activity conferred to the E. coli host was significantly reduced, but not abolished. This suggested that the amy gene promoter might be recognized by the E. coli RNA polymerase. Nevertheless, expression of the arny gene was probably enhanced by the promoter located on the vector. Inclusion of IPTG caused a fivefold increase in the a-amylase activity produced by JMlOl(pB16), indicating that the upstream lac promoter on pB 16 might be responsible for the enhancement (data not shown). a-Amylase synthesized in E. coli was found primarily in the periplasm, in contrast to that synthesized in X . campestris pv. campestris, which was secreted extracellularly ( Table 2) .
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AGC ATG CAA CAG TTG GTG GAC CCG GCG TCC ACC GGG CAG GCC TTG CCG GGC AAT CGC GCA GTC ACC TTT GCC GTA ATC CCC AAT AAC GCG GGC TTC CGC TAC GCG A T 1 CTC GAC CCG GTC GAT GAA ACG CTG GCC TAT GCG Nucleotide sequence analysis of the amy gene a-Amylase activity was abolished by the deletion of 150 bp from the right-hand BamHI site as shown in Fig.  2(c) , indicating that the amy gene is located near the right end (as shown in Fig. 2c ) of the 2.7 kb fragment. When a fragment extending from the Ban11 site to the righthand BamHI site was subcloned downstream of a T7 promoter, T7 RNA polymerase-driven transcription produced an a-amylase of 45 kDa in vivo (data not shown). The DNA sequence of this fragment revealed an ORF of 475 amino acids (Fig. 3) . Location of the deletion mentioned above was determined and is marked in Fig. 3 . Nakajima et al. (1986) identified four conserved regions, while comparing the amino acid sequences of 11 different a-amylases from a wide range of organisms. All these four regions exist in the putative a-amylase amino acid sequence of X . campestris pv. campestris (Fig. 3) . When the EMBL-GenBank Data Library was searched for homologous sequences, the a-amylase of Aeromonas hydrophiza (Gobius & Pemberton, 1988) was found.
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Comparison of the two amino acid sequences showed 70% homology (Fig. 4) Fig. 5 . Comparison of the a-amylase of X . campestris pv. campestris (a) with those of Aspergillus oryzae (Toda et al., 1982) , B. stearothermophilus (Nakajima et al., 1985) , Drosophila (Boer & Hickey, 1986) and mouse (Hagenbuechle et al., 1980) in the four conserved regions (Nakajima et al., 1986) ; (b) with seven animal enzymes; and (c) with three Bacillus enzymes. The numbers above the last residues designate the locations of each region in each a-amylase. Those amino acids appearing in over half of the compared sequences were taken as the consensus. A blank indicates absence of the consensus using the above criterion. Lower case letters represent unique sequences that are different from the consensus.
acids was predicted at the N-terminus of the a-amylase of The overall G + C content of the BanII-BamHI X. campestris pv. campestris by the algorithm of von fragment is 63-4%, which is in good agreement with the Heijne (1 986).
high G + C content of the DNA of X . campestris (Bradbury, 1984) . Within the amy coding sequence, the third base of each codon exhibits a strong bias (80%) toward G or C, as is typical for coding sequences from organisms with high G + C contents (Liu et al., 1990) . The predicted initiation codon is preceded with a likely ribosome-binding site, AGGAGA (Fig. 3) . Located at 117 and 152 nucleotides upstream from the initiation codon, there is a putative -10 sequence, TAGCAT, and a likely -35 sequence, TGCACA, respectively (Fig. 3) . This promoter may not be efficiently recognized in E. coli, as the expression of amy in E. coli was enhanced by the upstream lac promoter or T7 promoter. An inverted repeat of 25 nucleotides was located four nucleotides downstream from the putative -10 region (Fig. 3) . The location and the dyad symmetrical structure of this 25 nucleotide region resemble those of the lac operator (Watson et al., 1987) . It was observed that the synthesis of a-amylase in X . campestris pv. campestris was induced by starch or maltose (H.-F. Tsai, & Y.-H. Tseng, unpublished results) . This 25 bp inverted repeat may be involved in the negative regulation of amy gene expression in X . carnpestris pv. campestris.
N-Terminal amino acid sequence of purijied a-amylase
The extracellular a-amylase of X . campestris pv. campestris was purified as described in Methods. The Nterminal amino acid sequence was determined and is shown in Fig. 3 (underlined amino acid sequence) . This result strongly suggested that the a-amylase of X . carnpestris pv. campestris was processed at the predicted signal sequence processing site.
Discussion
We have cloned and expressed an amy gene of X . carnpestris pv. campestris in E. coli. The expressed aamylase activity was not likely to be that of E. coli, since (i) the E. coli host exhibited no detectable starchhydrolytic activity under our culture conditions (data not shown); (ii) the a-amylase of E. coli has an apparent molecular mass of 66 kDa (Freudlieb & Boos, 1986) , unlike the 45 kDa a-amylase identified here; and (iii) the N-terminal amino acid sequence of the processed protein predicted from the derived amino acid sequence of the cloned gene matched that of the extracellular a-amylase purified from X . campestris pv. campestris.
The amino acid sequence derived from the nucleotide sequence of the amy gene of X . campestris pv. campestris not only showed the four regions highly conserved in eleven different prokaryotic and eukaryotic a-amylases (Nakajima et al., 1986) , but also depicted 70% homology with the amino acid sequence of the a-amylase of Aeromonas hydrophila (Gobius & Pemberton, 1988) . Furthermore, the postulated catalytic residues, Glu-230 and Asp-297, of Taka-amylase A of Aspergillus oryzae (Matsuura et al., 1984) are both conserved in the aamylase of x. campestris pv. campestris (Glu-256 and Asp-328 in Fig. 5a ). In addition to the four conserved regions (Nakajima et al., 1986) , 1985) . Even though the a-amylase of X . campestris pv. campestris is neither closely related to the animal nor to the Bacillus counterparts, it contained discrete conserved amino acid sequences from both categories.
Translocation of proteins across membranes occurs in both prokaryotes and eukaryotes. In the case of prokaryotic-transported proteins, the significance of the N-terminal signal sequence in the translocation of periplasmic or outer membrane proteins is well recognized (Oliver, 1985; Randall et al., 1987) . As to extracellular proteins of Gram-negative bacteria, it has been shown that the N-terminal signal sequence is not sufficient to direct a protein across the outer membrane (Hirst & Welch, 1988) . Replacement with the signal sequence of an extracellular protein, the B subunit of E. coli enterotoxin, did not make P-lactamase leave the periplasm (Hirst & Welch, 1988) . The N-terminal signal sequence of the amy gene predicted from the deduced amino acid sequence revealed all the characteristics of a typical signal sequence : a central hydrophobic region preceded by a positively charged N-terminus and followed by a polar C-terminus with a consensus processing site (Ala-X-Ala) (von Heijne, 1985) . NTerminal amino acid sequence analysis of the exported aamylase showed that the precursor was indeed cleaved at the predicted processing site. These results suggest that processing of the N-terminal signal sequence of this extracellular protein does not differ from those of envelope proteins. The appearance of a-amylase activity in the periplasm of E. coli further supported the functional homology of the N-terminal signal sequence of extracellular protein with those of periplasmic proteins of E. coli.
Like X . campestris pv. campestris, A . hydrophila is also Gram-negative and secretes a-amylase extracellularly. Alignment of the two a-amylase sequences exhibits a high degree of relatedness throughout. It is tempting to speculate that the high relatedness between the two a-amylase sequences may reflect the conservation of sequences required for the secretion process, in addition to those required for enzyme activity. Such sequences indeed exist; for instance, the nine N-terminal amino acids of the predicted mature protein are identical in both a-amylases. However, in the absence of other molecular data to show the relatedness of the two microorganisms, one has to be cautious in making such a speculation.
The genes encoding two other extracellular enzymes, protease and endoglucanase, produced by X . campestris pv. campestris have been sequenced (Gough et al., 1990; Liu et al., 1990) . Each deduced amino acid sequence predicted a potential N-terminal signal sequence. However, comparison of the two amino acid sequences of the mature protein with that of the a-amylase of X . campestris pv. campestris determined in this study did not reveal any consensus sequence. In studying the secretion of extracellular pullulanase by Klebsiella oxytoca, Pugsley et al. (1991) have recently demonstrated that the secretion intermediate, before it was translocated across the outer membrane, existed in a certain higher-ordered structure. This suggests that the signal(s) required for secretion across the outer membrane may not be one linear sequence of amino acid residues on the secreted protein, but could also involve some particular protein conformation.
